Introduction
The intestinal epithelium is comprised of a diversity of cell types that are responsible for the various functions of the organ, including absorption of nutrients and secretion of protective mucus, antimicrobial peptides, and hormones. The specialized cell types involved in these functions include Paneth cells, enterocytes, goblet cells, enteroendocrine cells (1) , and tuft cells (2) .
Homeostasis of the gastrointestinal (GI) tract is regulated by interactions between constituents of the intestinal ecosystem, including epithelial and immune cell populations and the resident microbiota. The murine intestine represents a complex host-microbial ecosystem housing hundreds of distinct bacterial species that engage in a bidirectional exchange of signals. Alterations in gut microbiota composition (dysbiosis) may cause immune dysregulation, resulting in pathogenic effects on GI function (3) . Paneth cells, which are part of the epithelial crypts, play a pivotal role in controlling host-commensal balance (4) via the secretion of a diverse repertoire of antimicrobial proteins (5) . In addition, production of several antimicrobial peptides is regulated by bacterial signals (5) (6) (7) . Importantly, Paneth cells are essential for controlling intestinal barrier penetration by commensal and pathogenic bacteria (8) .
In homeostasis, the intestinal immune cells maintain a balance between defense against pathogens and tolerance towards luminal antigens (9, 10) . Mucosal innate immune responses are essential for eliciting adaptive immune responses, which may become the major drivers of chronic tissue inflammation (11) . It is known that cytotoxic CD8 + T cells can escape both central and peripheral tolerance and may trigger autoimmune reactions to a microbial mimic of self-antigen (12) . In addition, previous studies supported the role of cytotoxic CD8 + T cells in response to self-or exogenous antigens in the intestinal mucosa and suggested that the cytotoxic function of CD8 + T cells against epithelial cells may initiate the intestinal inflammatory process (13, 14) .
Homeostasis of the gastrointestinal (GI) tract is controlled by complex interactions between epithelial and immune cells and the resident microbiota. Here, we studied the role of Wnt signaling in GI homeostasis using Disheveled 1 knockout (Dvl1 -/-) mice, which display an increase in whole gut transit time. This phenotype is associated with a reduction and mislocalization of Paneth cells and an increase in CD8 + T cells in the lamina propria. Bone marrow chimera experiments demonstrated that GI dysfunction requires abnormalities in both epithelial and immune cells. Dvl1 -/mice exhibit a significantly distinct GI microbiota, and manipulation of the gut microbiota in mutant mice rescued the GI transit abnormality without correcting the Paneth and CD8 + T cell abnormalities. Moreover, manipulation of the gut microbiota in wild-type mice induced a GI transit abnormality akin to that seen in Dvl1 -/mice. Together, these data indicate that microbiota manipulation can overcome host dysfunction to correct GI transit abnormalities. Our findings illustrate a mechanism by which the epithelium and immune system coregulate gut microbiota composition to promote normal GI function.
An important regulator of development and homeostasis in the GI tract is the Wnt signaling pathway (15, 16) . Wnt signals are relayed from cell surface receptors to intracellular effectors by scaffold proteins of the Disheveled (Dvl) family. Wnt signals can be transduced through multiple pathways, including canonical Wnt/β-catenin, planar cell polarity (PCP), and Wnt/Ca 2+ cascades. In the mammalian GI tract, the self-renewal capacity of epithelial stem cells is dependent on Wnt ligands provided by Paneth cells; the Paneth and stem cells normally remain in the crypts while the other cell types migrate up the villi (17) (18) (19) (20) (21) (22) . In the immune system, Wnt signaling controls the proliferation of T cell progenitors (23) and is thought to affect the cell-fate decisions of stem cells (24) . Previous studies have indicated that Wnt signaling also regulates effector T cell development (25) (26) (27) , regulatory T cell activation (28) , and dendritic cell maturation (29) , implicating Wnt signaling in the control of microbial populations in mammalian systems. Thus, Wnt signaling is important in a broad array of cell types. Dysregulation of Wnt signaling can therefore affect multiple cell types within an organ and, theoretically, could regulate the microbiome indirectly as well through effects on immune or other cells.
In this study, we asked whether and how Dvl1 regulates intestinal homeostasis. We used in vivo and in vitro approaches to examine the constituents of the intestinal ecosystem: epithelial and immune cells as well as the resident microbiota. We discovered that global deletion of Dvl1 causes dysfunction of Paneth cells in concert with an increase of CD8 + T cells in the GI tract, resulting in an abnormal microbial composition that elicited aberrant GI function.
Results
Abnormal GI function in Dvl1 -/mice. To study the role of Dvl-mediated Wnt signaling in homeostasis of the gut, we first asked if adult Dvl1 -/mice, which are viable and fertile, have an intestinal phenotype; due to early lethality in ~50% of Dvl2 and 100% of Dvl3 single null mutants, we opted not to examine those genotypes (30) (31) (32) . To assess GI physiology in Dvl1 -/mice, we measured stool output over a 1-hour period. We found that dry stool output was reduced in Dvl1 -/mice compared to wild-type (WT) mice ( Figure 1A) , while the percentage of water in the stool was unchanged ( Figure 1B ), suggesting slower GI motility in the mutant mice. Using an oral gavage of carmine dye, we measured the whole gut transit time (WGTT) and found that this was longer in Dvl1 -/mice compared to WT mice ( Figure 1C ), which explained the reduced stool output in Dvl1 -/mice. Measurement of distal colonic motility, using the bead repulsion assay, revealed that Dvl1 -/and WT mice were comparable ( Figure 1D) , indicating that the observed motility deficits originated from the small intestine and/or the proximal colon.
As the reduction in stool output could potentially result from a change in the metabolism of Dvl1 -/mice, we housed control and mutant mice in metabolic cages over 5 days to measure gross physiological parameters, such as feeding, drinking, heat production, and activity. All parameters in the Dvl1 -/mice were similar to WT mice ( Figure 1E and Supplemental Figure 1 , A-E; supplemental material available online with this article; doi:10.1172/jci.insight.85395DS1), suggesting that the increased WGTT and reduced Twelve-week-old wild-type (WT) and Disheveled 1 knockout (Dvl1 -/-) mice were tested in a battery of gastrointestinal (GI) function tests. (A and B) Stool produced over a 1-hour time period was measured, and dry stool output (A) and percentage of water in the stool (B) were calculated. Results are presented as box plot, Bonferroni *P < 0.001 for comparison of the Dvl1 -/dry stool weight with those from WT mice. (C) Whole gut transit time (WGTT) was measured and results are presented as box plot, Bonferroni *P < 0.04 for comparison of the Dvl1 -/mice WGTT with those from WT mice. (D) Colonic motility was measured by the bead expulsion test and time to expel bead was recorded. Results are presented as box plot. (E) Whole-animal metabolic analysis was performed and food intake was measured. Results are presented as mean ± SEM.
1-hour dry stool output are not a result of altered gross metabolic changes in Dvl1 -/mice but rather due to abnormal function within the GI tract itself.
Abnormal GI immune response in Dvl1 -/mice. To begin to identify the cellular mechanisms underlying the abnormal GI function in Dvl1 mutants, we analyzed the GI tract using hematoxylin and eosin (H&E) staining. We found that, whereas the small intestine was grossly normal in appearance, the proximal colon had patches of densely clustered cells in all Dvl1 -/mice (6 of 6) but in none of the WT mice (0 of 4) ( Figure 2A ). Immunostaining revealed that all cells in this patch were positive for CD45, a hematopoietic Sections of proximal colon were stained with DAPI (nuclei) and immunostained for CD45, and representative images are shown. Images are oriented from proximal (P) to distal (D), from left to right, respectively. Arrowheads denote the patch structures. Scale bar: 1,000 μm. (C and D) Enlargement of inserts in B. Scale bar: 250 μm. (E) Sections of proximal colon were stained with DAPI and immunostained for B220 and Iba-1, and representative images are shown. Images are oriented from proximal (P) to distal (D), from left to right, respectively. Arrowheads denote the patch structure. Scale bar: 1,000 μm. (F and G) Enlargement of inserts in E. Scale bar: 250 μm. (H) Sections from proximal colon of Dvl1 -/mice were stained with DAPI and immunostained for B220 and Iba-1, and a representative image of the patch region is shown. Scale bar: 100 μm. (I) Sections from proximal colon of Dvl1 -/mice were immunostained for CD3, CD4, and CD8, and a representative image of the patch region is shown. Scale bar: 100 μm. (J) Whole colons from WT and Dvl1 -/mice were fixed and stained with DAPI and immunostained for B220 and CD3, and representative images from the mid colon region are shown. Scale bar: 500 μm. (K) Enlargement of inserts in F. Scale bar: 2,000 μm. cell marker ( Figure 2B ). In addition, staining for B220 (B cells), Iba-1 (macrophages, Figure 2 , E-H), and CD4 and CD8 (T cells, Figure 2I ) revealed that B and T cells were distributed into a typical follicular and interfollicular organization, suggesting that these patches were intestinal lymphoid structures. We next performed whole mount immunostaining for B220 and CD3 (T cells) and found several structures (1-3) in every Dvl1 -/mouse, which were preferentially localized to the mid colon ( Figure 2 , B and E). In addition, the increase in inflammatory cells observed in the Dvl1 -/mice was not restricted to the lymphoid structures but was also seen in other regions (Figure 2 , C, D, F, and G). Indeed, immunostaining for CD45 (hematopoietic cells) of sections from the ileum and mid colon revealed increased CD45 + cells in the small intestine and colon (Supplemental Figure 2 , A and B). These findings point to an increase in inflammatory cells throughout the GI tract of Dvl1 -/mice.
To characterize the inflammatory response in the GI tract of the Dvl1 -/mice, we performed flow cytometry of the lamina propria from the ileum and proximal colon of WT and Dvl1 -/mice, gating for lymphoid and myeloid cell populations (Supplemental Figure 3 ). Analysis of the lymphoid cell populations revealed an increase in the colonic CD8 + αβT cells and a trend towards an increase in the ileum ( Figure 3A ). Immunostaining for CD4 and CD8 showed that both the ileum and mid colon had an increase in CD8 + cells in Dvl1 -/mice ( Figure 3B and Supplemental Figure 2C ). Next, we wanted to assess the activation state of CD8 + αβT cells with flow cytometric analysis. Using the early activation marker of C-type lectin domain family (CD69), we observed an increased number of colonic CD69 hi CD8 + αβT cells in Dvl1 -/mice with a trend toward an increased number in the ileum ( Figure 3C ). In addition, CD107a, which marks degranulation and correlates with cytokine secretion and cytotoxic activity in CD8 + αβT cells (33) , was increased in the colonic CD8 + αβT cells of Dvl1 -/mice with a trend towards an increase in the ileum ( Figure 3D ). However, the number of CD8 + αβT cells that were positive for the long-lived memory T cell marker interleukin-7 receptor alpha chain (CD127) and the effector T cell marker killer cell lectin-like receptor G1 (KLRG1) did not differ between WT and Dvl1 -/mice ( Figure 3 , C and D). To determine if a change in regulatory T cell number could contribute to the observed increase in CD8 + T cells in Dvl1 -/mice, we performed flow cytometry and gated for FoxP3, Gata3, and RORγt (Supplemental Figure 3 ). However, we did not observe a significant change in FoxP3 regulatory T cells by flow cytometry (data not shown) or immunostaining (Supplemental Figure 2E ), suggesting that regulatory T cells do not play a major role in the inflammatory response observed in Dvl1 -/mice.
Flow cytometric analysis of the myeloid cell population revealed an increase in macrophages (F4/80 + ) in the colon of Dvl1 -/compared to WT mice ( Figure 3E ). Correspondingly, immunostaining for Iba-1, which marks macrophages, showed a significant increase in Iba-1 + cells in the colon but not in the ileum of Dvl1 -/mice ( Figure 3F and Supplemental Figure 2D ). To test if the effect of Dvl1 deletion on the immune cells is restricted to the GI tract or also affects other lymphoid organs, we performed flow cytometry on cells from the inguinal and mesenteric lymph nodes and the thymus of Dvl1 -/and WT mice. Analysis of lymphoid organs did not reveal significant changes in the number of lymphoid cells, although the mesenteric lymph nodes had elevated frequencies of both CD69 hi CD4 + and CD69 hi CD8 + αβT cells, which presumably reflects drainage to these nodes from the GI tract (Supplemental Figure 2 , F and G).
Abnormal Paneth cell number and localization in Dvl1 -/mice. We next asked whether the GI abnormalities that we observed were associated with defects in the epithelial cells that line the GI tract. To analyze the epithelial cells, we first examined proliferation in the small and large intestine by Ki67 staining. Although the number of Ki67 + cells was unchanged in the small intestine, it was reduced in the mid colon of Dvl1 -/mutant mice compared to WT mice (Supplemental Figure 4 , A and B), consistent with the known role of Wnt signaling as a growth-promoting pathway in the intestine (18) . qPCR analysis of the ileum and proximal colon from WT and Dvl1 -/mice revealed that Axin2, a transcriptional readout of canonical Wnt signaling, was reduced in the ileum and proximal colon of Dvl1 -/mice (Supplemental Figure 4C ). In addition, the epithelial stem cell markers Lgr5 and Ascl2, which are Wnt target genes, were downregulated in the proximal colon and, to a lesser extent, in the ileum of Dvl1 -/mice (Supplemental Figure 4C ). Interestingly, an additional surrogate marker for the intestinal stem cells, Olfm4, did not change either by qPCR or in situ hybridization analyses (Supplemental Figure 4 , C and D). As Olfm4 is thought to be a Notch target gene, these results suggest a specific decrease in Wnt signaling in the stem cells, consistent with the known role of Dvl1 in the Wnt pathway.
It was previously shown that Wnt signals in the crypt can drive Paneth cell maturation (34). Differentiated epithelial cells migrate from the crypt onto the villus, while Paneth cells are normally positioned at the base of the intestinal crypt, where the Wnt signal is highest. Using the Paneth cell marker lysozyme, we found that the number of Paneth cells was reduced in Dvl1 -/mice ( Figure 4 , A-C). Moreover, the Paneth cells were not restricted to the base of the crypt in the Dvl1 -/mice, as in WT mice ( Figure 4A ). These findings were corroborated using a second Paneth cell marker, MMP7 ( Figure 4B ). In situ hybridization showed that Defa5, which encodes the antimicrobial peptide defensin, was downregulated in the intestinal crypts of the Dvl1 -/mice ( Figure 4D ), and we did not observe mislocalized Defa5 + cells in the Dvl1 -/mice. These two observations suggest that the Paneth cells in Dvl1 -/mice are less active than in controls.
To determine if the mislocalization and reduction in the number of Paneth cells in Dvl1 -/mice is a cell-autonomous effect of the epithelium, we isolated and cultured crypts from WT and Dvl1 -/mice. In the absence of immune and stromal cells, the isolated crypt epithelium expands to form multicellular 3D epithelial organoids that mimic the morphology of the adult intestine. Using EphB2 to mark the boundaries of the crypts (35) and lysozyme to mark the Paneth cells, we found a reduced number as well as mislocalization of Paneth cells in Dvl1 -/compared to WT intestinal organoids ( Figure 4 , E and F), thus recapitulating the in vivo findings. These data suggest that the Paneth cell abnormalities in the Dvl1 (F) Quantification of the numbers of DAPI + lysozyme + EphB2 + cells per crypt are presented as box plot (Bonferroni *P < 0.003 for comparing the results of the Dvl1 -/with those of the WT mice). (G) RNA from ileum and proximal colon (PC) of 12-week-old WT and Dvl1 -/mice was extracted and RT-PCR was performed. The levels of Atoh1/Math1, Lyz1, Defa5, Defa1, EphB2, and EphB3 were normalized to Gapdh and are presented as box plot (n = 5, Bonferroni *P < 0.05, **P < 0.005 for comparing the results of the Dvl1 -/with those of the WT mice).
mutants are cell autonomous and that the immune compartment is not required to maintain the Paneth cell abnormalities in Dvl1 -/mice.
Wnt signaling regulates secretory cell lineage commitment (36) and the position of Paneth cells by controlling the expression of EphB3 (21) . Accordingly, RT-PCR analysis of the GI tract of WT and Dvl1 -/mice revealed that the secretory progenitor marker, Atoh1, was downregulated in the GI tract of Dvl1 -/mice ( Figure 4G ). In addition, in Dvl1 -/mice, transcription of the Paneth cell marker, Lyz1, was downregulated ( Figure 4G Bone marrow chimera of wild-type (WT) and Disheveled 1 knockout (Dvl1 -/-) mice were prepared by subjecting recipient mice to sublethal doses of radiation and injecting them with hematopoietic progenitor cells from donor mice. (A) Stool produced over a 1-hour time period was measured and dry stool output was calculated prior to irradiation and following bone marrow chimera preparation (D, donor; R, recipient). Results are presented as box plot, (n = 3, 2-way ANOVA P < 0.02, Bonferroni *P < 0.04 for comparison of the Dvl1 -/dry stool weight with those from WT). (B and C) The GI tract of WT and Dvl1 -/bone marrow chimera mice was processed for histology and sections were stained with DAPI (nuclei) and immunostained for lysozyme (B), or DAPI, CD4, and CD8 (C), and representative images are shown. Scale bar: 100 μm. (D and E) Dvl1 -/mice were backcrossed with Rag2 -/mice and at 8 weeks of age mice were tested for stool produced over a 1-hour time period. Dry stool output (D) and percentage of water in the stool (E) were calculated. Results are presented as box plot, 2-way ANOVA P < 0.05, Bonferroni *P < 0.05 for comparison of the Dvl1 -/dry stool weight with those from all the other mice groups; 2-way ANOVA effect of Rag2 -/-P < 0.001; **P < 0.002 for comparison of the Rag2 -/and Dvl1 -/-Rag2 -/percentage of water in the stool with those from the other mice groups.
cells. Lastly, expression of EphB3 was downregulated in the GI tract of Dvl1 -/mice, further demonstrating mispositioning of the Paneth cells in the GI tract of Dvl1 -/mice.
Paneth cells and CD8 + cells both contribute to abnormal GI function in Dvl1 -/mice. Our findings indicated both an increase in CD8 + T cells and abnormalities in Paneth cell number and localization. We therefore hypothesized that effects on either the T cells or the Paneth cells individually, or a combined effect on both populations, contributed to the abnormal GI function in Dvl1 -/mice. To examine the role of the inflammatory cells in the GI abnormalities, we performed bone marrow chimera studies, which enabled us to distinguish between the role of the immune (donor) and the epithelial (host) cells. As we had previously observed, dry stool output was decreased in Dvl1 -/mice prior to initiating bone marrow chimera studies ( Figure 5A) . Consistent with what we had previously observed, Dvl1 -/mice that were reconstituted with Dvl1 -/bone marrow had decreased stool output compared with WT mice that were reconstituted with WT bone marrow (compare Figure 1A and Figure 5A ). Interestingly, WT bone marrow that was reconstituted into Dvl1 -/mice rescued the stool output phenotype, indicating that provision of a normal immune compartment ameliorates the GI dysfunction in Dvl1-mutant mice. However, Dvl1 -/bone marrow reconstituted into WT mice could not induce the reduced dry stool output phenotype, demonstrating that both immune and epithelial cells are required for induction of the GI dysfunction. In regards to possible involvement of the irradiation-resistant compartment, because the WT bone marrow rescued Dvl1 -/mice, this suggests that the irradiation-resistant compartment does not play a major role in the phenotype.
Immunostaining for lysozyme revealed that Dvl1 -/mice that received either WT or Dvl1 -/bone marrow had reduced and mislocalized Paneth cells ( Figure 5B ), regardless of the genotype of the bone marrow donor, supporting our in vitro findings that Paneth cell abnormalities in Dvl1 -/mice are not affected by the immune cells ( Figure 4 , E and F). In addition, double labeling of CD4 and CD8 revealed that WT and Dvl1 -/mice that received bone marrow from Dvl1 -/mice had increased CD8 + cells ( Figure 5C ), indicating that the bone marrow reconstitution indeed formed a host-immune chimera and that deletion of Dvl1 directly affects T cell maturation and/or differentiation. The bone marrow chimera experiments demonstrated that the Paneth cell phenotype in Dvl1 -/mice is not regulated by the increase in CD8 + T cells, and also that the Paneth cell dysfunction does not result in the increase of CD8 + T cells. Taken together, these findings indicate that abnormalities in both the immune and epithelial cells are required to induce the observed gut dysfunction.
We hypothesized that the increase in CD8 + T cells plays an important role in the GI function of Dvl1 -/mice. To test this hypothesis, we crossed Dvl1 -/mice with Rag2 -/mice, which lack B and T cells, and found that genetic ablation of T and B cells rescued the stool output phenotype in Dvl1 -/-Rag2 -/mice ( Figure  5D ). Interestingly, the percentage of water in the stool was increased in Dvl1 -/-Rag2 -/compared to WT and Dvl1 -/mice ( Figure 5E ); this finding was also seen in Rag2 -/mice not carrying Dvl1 mutations ( Figure  5E ). Thus, deletion of Rag2 rescued the reduced dry stool output that was observed in Dvl1 -/mice. Collectively, these findings support the notion that CD8 + T cells play an important role in the abnormal GI physiology of Dvl1 -/mice.
Paneth and CD8 + T cells converge on regulation of microbial composition in the GI tract of Dvl1 -/mice. Because absence of Dvl1 in both immune cells and epithelial cells was required to induce the GI dysfunction, we hypothesized that the aberrant immune and epithelial cells act together on the GI microbiome, which ultimately causes the physiological abnormalities. To examine this, we first compared bacterial microbiota of WT and Dvl1 -/animals using 16S rRNA-based sequencing. Six-week-old Dvl1 -/mice exhibited a significant decrease in ileal alpha diversity indices (phylotype richness, Pielou's evenness, and Faith's phylogenetic diversity) compared to WT controls, although this decrease did not persist at 12 weeks of age ( Figure 6 , A-C, and Supplemental Figure 6 , A-C). Ileal microbiota composition (beta diversity) of 6-weekold Dvl1 -/mice further supported these observations and was significantly different (weighted UniFrac PERMANOVA, r 2 = 0.24, P = 0.018) from that of age-matched WT mice ( Figure 6D ). As was observed for alpha indices, beta diversity did not significantly differ between WT and Dvl1 -/groups at 12 weeks of age (Supplemental Figure 6D ).
In the mid colon, no significant differences in alpha diversity were observed between the Dvl1 -/and age-matched WT mice at either 6 or 12 weeks of age (Supplemental Figure 6 , E-G and I-K). However, significant differences in beta diversity were observed at both time points using an unweighted UniFrac distance matrix (unweighted UniFrac PERMANOVA, r 2 = 0.19, P = 0.002) (Supplemental Figure 6 , H and L). These data indicate that the nature of the dysbiosis associated with absence of Dvl1 is distinct in Results are presented as box plots. *q < 5.0 × 10 -2 , **q < 5.0 × 10 -5 , ***q < 5.0 × 10 -11 for comparing the results of Dvl1 -/mice with age-matched WT mice. (F) WT and Dvl1 -/mice were cohoused (CH) or standardly housed (SH) by genotype from the day of weaning. CH and SH mice stool produced over a 1-hour time period was measured weekly and dry stool output was calculated. Results are presented as mean ± SEM. *P < 0.01 for 2-way ANOVA effect by genotype; **P < 0.03 for 2-way ANOVA effect by genotype × housing; and Bonferroni P < 0.04 for comparison of the Dvl1 -/-SH dry stool weight with those from all other mouse groups. (G) 16S rRNA gene profiling of beta diversity from ileum of individual 12-week-old WT and Dvl1 -/mice using unweighted UniFrac distance matrix is presented. Permanova statistical analysis revealed significant difference (P = 0.036) in microbiota composition of the different groups. (H and I) The GI tract of standard and cohoused WT and Dvl1 -/mice were processed for histology and sections were stained with DAPI (nuclei) and immunostained for MMP7 (H), or DAPI, CD4, and CD8 (I), and representative images are shown. Scale bar: 100 μm. different GI compartments. Whereas differences in ileal bacterial communities of Dvl1 -/and WT mice are primarily driven by relative abundances of phylogenetically distinct bacteria, colonic community differences are associated with the presence or absence of distinct taxa. Collectively, these findings suggest that Dvl1 -/mice exhibit distinct early-life ileal and colonic microbiota perturbations, leading us to hypothesize that these differences play a mediating role in the onset and persistence of the abnormal GI phenotype.
Next, we sought to identify the specific taxa that discriminated ileal communities of Dvl1 -/mice from those of WT animals (see Methods for details). Sixteen taxa consisting of members of Helicobacteraceae, S24-7, Streptococcaceae, Lachnospiraceae, Coriobacteriaceae, Ruminococcaceae, and Pseudomonadaceae and the order Clostridiales were identified as significantly enriched in the ileum of Dvl1 -/mice at 6 weeks compared to age-matched controls (Supplemental Table 1 ). A substantial degree of overlap was evident between those taxa significantly enriched in the ileum and mid colon of Dvl1 -/mice at 6 weeks (Supplemental Table 1 ). However, a greater number of taxa exhibited significant differences in relative abundance in the mid colon (n = 40), and the difference in relative abundance was more profound in this compartment (Supplemental Table 1 ). At 12 weeks of age, ileal and colonic communities of Dvl1 -/mice also exhibited overlap in the taxa that were significantly enriched (Supplemental Table 1 ). Of note, three specific taxa, including Helicobacter (OTU 10961) and Flexispira (OTU 1141335), were consistently significantly enriched in both the ileum and colon of Dvl1 -/mice at 6 and 12 weeks of age ( Figure 6E ). This indicates that the physiological and immunological changes associated with Dvl1 deletion promote enrichment of these microbiota members in both the ileum and colonic compartments of the GI tract and implicated them in the associated GI dysfunction.
Since ileal and colonic gut microbiota perturbations characterized Dvl1 -/mice, we cohoused these mice with WT to determine whether microbial transfer between mice, due to coprophagia, could rescue the abnormal GI physiological function. Dvl1 -/mice that were continuously cohoused with WT mice from weaning until 5 weeks of age exhibited normal dry stool output ( Figure 6F ). In addition, in the previously cohoused Dvl1 -/mice, separation into standard housing resulted in reversion, within 3 weeks, of the GI phenotype. Moreover, cohousing WT and Dvl1 -/mice a second time rescued the dry stool output in the Dvl1 -/mice again, implicating a transferrable microbial mediator in abrogating the GI dysfunction in Dvl1 -/animals.
Analysis of the ileal bacterial community of the re-cohoused mice indicated that compositional changes in the gut microbiome occurred at this site upon cohousing ( Figure 6G ). Immunostaining for lysozyme revealed that regardless of cohousing status, Dvl1 -/mice exhibited sustained Paneth cell mislocalization ( Figure 6H ), suggesting that loss of Dvl1 rather than perturbation of the microbiota determines the Paneth cell abnormalities in Dvl1 -/mice. In addition, double labeling of CD4 and CD8 revealed that Dvl1 -/mice had increased CD8 + cells compared to WT mice, regardless of the housing conditions ( Figure 6I ). These data further support the notion that the increase in CD8 + T cells is a result of the absence of Dvl1 and not perturbation of the microbiota. Taken together, these findings suggest that genetically induced host abnormalities in both immune and epithelial cells are upstream of the microbiota perturbations.
In-depth taxonomic examination of both cohoused and standardly housed Dvl1 -/mice revealed that rescue of the abnormal GI function in the cohoused mice was associated with significant enrichment of unclassified members of the Bacteroidales and multiple taxa belonging to the genus Lactobacillus, among others (Supplemental Table 2 ). A Lactobacillus taxon was amongst the most highly enriched taxa, having a genus level classification in both the ileum and colon of the Dvl1 -/cohoused mice. We have previously shown that oral supplementation of a member of this genus, Lactobacillus johnsonii, (isolated from murine cecum) alters ileal microbiota composition and reduces proinflammatory responses (37) . We therefore isolated the dominant culturable Lactobacillus from these mice by plating serial dilutions of stool on Man Rogosa Sharpe (MRS) agar. The complete 16S rRNA gene from 10 randomly chosen colonies was PCR amplified and sequenced for species level identification. Basic Local Alignment Search Tool (BLAST) analysis indicated that 9 of the 10 colonies displayed identical 16S rRNA gene sequences and shared the highest homology to L. johnsonii.
We next examined whether supplementation of Dvl1 -/mice with L. johnsonii impacted their GI function and ileal microbiome composition. WT and Dvl1 -/mice (6 weeks old) were supplemented orally 3 times per week for 3 weeks with L. johnsonii isolated from the Dvl1 -/cohoused mice, and dry stool output was measured. Following 2 weeks of L. johnsonii supplementation, Dvl1 -/mice dry stool output was rescued to WT levels ( Figure 7A ). Analysis of ileal beta diversity of WT, Dvl1 -/mice, and Dvl1 -/mice supplemented with L. johnsonii indicated that supplementation altered the composition of the microbiota at this site, resulting in an intermediate bacterial composition between that of WT and Dvl1 -/mice ( Figure 7B ). More specifically, a taxonomic comparison of Dvl1 -/mice supplemented with L. johnsonii or PBS revealed that the taxon that exhibited the greatest degree of depletion in ileal communities of the supplemented mice was the same Flexispira taxon that was consistently enriched in Dvl1 -/mice (compared to WT controls) at 6 and 12 weeks of age ( Figures 6E and 7C ).
We hypothesized that expansion of members of the Flexispira taxon (OTU 1141335) in the GI tract may play a major role in the GI dysfunction of Dvl1 -/mice. To address this, we next sought to isolate Flexispira OTU 1141335 members from Dvl1 -/animals, and we identified Helicobacter mastomyrinus as a member of this taxon (98% sequence identity with the dominant 16S rRNA of Flexispira OTU 1141335). H. mastomyrinus was therefore used to orally supplement WT mice (6 weeks old) 3 times per week for 3 weeks with 10 8 CFU of this species. Body weight, dry stool output, and water stool content were measured. Throughout the feeding experiment, the gross appearance and behavior of animals was normal, and no change in weight was observed between vehicle-and H. mastomyrinus-supplemented WT mice ( Figure 7D ). However, following 1 week of H. mastomyrinus supplementation, the dry stool output of supplemented animals was reduced compared to vehicle-treated mice ( Figure 7E) . Importantly, the reduced stool output did not persist following 2 and 3 weeks of feeding, despite sustained supplementation of H. mastomyrinus, suggesting that compensatory immune or microbial mechanisms in these animals led to restoration of the normal phenotype. The water content in the stool was not different between H. mastomyrinus-supplemented mice compared with nonsupplemented WT mice ( Figure 7F ), suggesting a specific effect of H. mastomyrinus on the GI motility phenotype in Dvl1 -/mice.
Discussion
In this study, we have shown that epithelial and immune dysfunction in the GI tract of Dvl1-mutant mice is associated with an abnormal microbiome that contributes to aberrant GI function. Initially, we set out to determine whether loss of Dvl1 function affected GI function. We found that dry stool output was reduced and correlated with an increase in WGTT in Dvl1 mutants compared to controls. We next found an aberrant immune response in the Dvl1 -/mice that was characterized by an increase in CD8 + αβT cells throughout the GI tract and an increase in colonic macrophages compared to WT mice. Examination of the epithelial compartment revealed a reduction in number and mislocalization of Paneth cells in the Dvl1 mutant. Using bone marrow chimeras, we found that both immune and epithelial cells are required to induce the GI dysfunction, leading us to hypothesize that the aberrant immune and epithelial cells act together on the GI microbiome, which ultimately causes the physiological abnormalities. Indeed, we found altered microbiota composition in Dvl1-mutant mice, and although cohousing Dvl1 -/with WT mice led to compositional changes in the GI microbiome and rescued the gut transit phenotype, it did not rescue either the immune or epithelial cell phenotypes. Moreover, oral supplementation of Dvl1 -/animals with L. johnsonii, an organism significantly enriched in cohoused Dvl1 -/animals with restored normal gut transit, rescued this phenotype. This was associated with a significant decrease in the relative abundance of a specific Flexispira taxon (OTU 1141335) that also demonstrated the greatest degree of relative enrichment in both the ileum and colon of 6-and 12-week-old Dvl1 -/mice. Indeed, oral supplementation of WT animals with H. mastomyrinus isolated from Dvl1 -/animals and belonging to the Flexispira OTU 1141335 taxon induced acute GI dysfunction following 1 week of oral supplementation to WT animals. Collectively, these data indicate that the immune dysfunction that occurs in Dvl1 -/animals results in an altered gut microenvironment that facilitates overgrowth of opportunistic pathogens and depletion of organisms that promote normal gut function. Importantly, the Dvl-associated gut transit abnormalities could be rescued by microbial manipulation of the gastrointestinal microbiome.
Intestinal immunity is regulated by Dvl1. Our finding of increased CD8 + αβT cells in the Dvl1 mutant (Figure 3 ) raises the question of whether the Dvl1 mutation directly affects the T cells or if this is an indirect effect caused by the microbiota perturbation. It was previously shown that Helicobacter infection induces CD8 + T cell responses in pigs (38) , which suggests that the CD8 + induction in Dvl1 -/mice was due to increased opportunistic bacterial pathogen enrichment caused by abnormal Paneth cell function (Figure 4) . However, the fact that WT mice reconstituted with Dvl1-mutant bone marrow displayed an increased number of CD8 + T cells, but with normal Paneth cells, suggests that loss of Dvl1 has an intrinsic effect on the hematopoietic compartment. In addition, Dvl1-mutant mice that were cohoused with WT mice had altered bacterial microbiota but the CD8 + αβT cell number did not change, providing further support for a direct effect of the Dvl1 mutation on the immune phenotype. Indeed, the phenotype may be intrinsic to CD8 + T cells, as Wnt signaling affects multiple stages of T cell differentiation and proliferation (39) . Conflicting findings were reported for the role of Wnt signaling during the transition of double-positive into single-positive (CD4 or CD8) T cells in the thymus. On the one hand, it was shown that a gain-of-function mutant of β-catenin preferentially increased CD8 + T cells (40) , but in another study, β-catenin gain-of-function mice were reported to improperly respond to TCR-dependent positive selection signals (41) (42) (43) . These findings may suggest that the level of β-catenin and the developmental stage at which β-catenin is expressed influence how Wnt signaling is read out.
Activated cytotoxic CD8 + T cells are vital in defense against viruses and intracellular bacteria. Activated effector CD8 + T cells secrete cytokines, whereas memory CD8 + T cells provide enhanced protection against the same pathogen. β-Catenin was shown to have the potential to regulate mature CD8 + T cell function via several mechanisms (44) (45) (46) . Importantly, activation of β-catenin facilitated CD8 + memory T cell formation, with enhanced protective capacity and extended survival of CD4 + CD25 + regulatory T cells (47) . Thus, it is possible that in Dvl1-mutant mice the increase in CD8 + T cells is a result of reduced capability to transition into memory T cells. Future studies will be needed to address the direct mechanism by which β-catenin signaling affects T cell development and function.
Wnt signaling regulates Paneth cell differentiation and function. Our finding of reduced number and mislocalization of Paneth cells in the Dvl1 mutant ( Figure 4 ) is strongly supported by multiple studies focused on the effect of Wnt signaling on Paneth cells. Mucosal Wnt signaling in adult intestine is confined to the crypt, including progenitor and Paneth cells (34, 48) . In addition, Wnt signaling maintains the undifferentiated state of intestinal crypt progenitor cells and also induces maturation of Paneth cells in intestinal crypts (49) . Our finding of mislocalized Paneth cells in Dvl1-mutant mice is similar to previously identified phenotypes in Wnt signaling-related mutants (34) and EphB knockout mice (34). The Wnt signaling gradient controls expression of the EphB/ephrinB sorting receptors and ligands. These receptors were shown to regulate the correct positioning of Paneth cells at the bottom of the crypt (21) . These data suggest that misregulation of EphB3 in Dvl1 mutants ( Figure 4G ) induces mislocalization of Paneth cells along the villus-crypt axis.
Paneth cells secrete antimicrobial peptides such as defensins and lysozyme to control the microbial content of the intestine. In addition, it was recently shown that TCF-1-mediated Wnt signaling activates α-defensin transcription (50) . These results also support our finding of reduced defensin transcription in Dvl1 mutants (Figure 4 , D and G). Paneth cells not only control populations of potentially pathogenic organisms, but also modulate the endogenous bacterial communities of the gut. Accordingly, the important impact of host genotype on Paneth cell function was shown to regulate the composition of the intestinal microbiota (51) . Taken together, our findings suggest that aberrant Paneth cell function results in a failure to control GI pathogens, including Flexispira and Helicobacter, and results in altered gut bacterial community composition.
Immune cells contribute to normal microbiota colonization. Previous work has shown that the immune cells and the microbiome regulate each other in a bidirectional manner. Experiments in germ-free mice demonstrated that the microbiota regulates the development of acquired immunity (52) , and that the host plays an important role in selecting its particular microbiota (53) . It was previously suggested that the immune system discriminates between pathogens and the microbiota through recognition of symbiotic bacterial molecules in a process that prompts commensal colonization (54) . Based on these studies and the findings reported here, we suggest that the increase in CD8 + αβT cells in the GI tract of Dvl1 mutants misregulates commensal colonization, which contributes to the abnormal function. The majority of the literature focuses on the role of CD4 + regulatory T cells in shaping the intestinal microbiota (55), but our data do not support a major role for the CD4 + regulatory T cells in our system (Supplemental Figure 2E) . The pathogenic role of CD8 + T cells in inflammatory bowel disease (IBD) has been shown using animal models and implicated in human IBD patients. CD8 + T cells can escape both central and peripheral tolerance and may trigger autoimmune reactions to a microbial mimic of self-antigen (12) . Several in vivo studies have supported the role of pathogenic CD8 + T cells in response to self-or exogenous antigens in the intestinal mucosa (13, 14, 56) . It is possible that loss of Dvl1 may affect antigen-presenting cells, which could induce an aberrant T cell response due to 'misreading' of the commensal bacteria. Thus, the specific mechanism by which CD8 + T cells are misregulated and in turn misregulate the microbiota will require additional studies.
Microbiome composition regulates GI motility. Our findings suggest that abnormalities in both the CD8 + T cells and Paneth cells are required to induce gut dysfunction in Dvl1-mutant mice. Abnormalities in these constituents of the intestinal ecosystem regulate the microbiota composition, which in turn regulates GI motility. It was recently shown that the microbiota can regulate host physiology (57) . Elimination of the microbiota caused dilatation of the cecum as a result of abnormal motility that returned to normal upon recolonization with bacteria (58), and it has been proposed that the mechanism underlying this involves regulation by the microbiota of Toll-like receptor expression in the intestine (59) . Conversely, decreased motility of the GI tract can lead to changes in the microbiota community composition (60) (61) (62) . However, the rescue of the GI dysfunction by cohousing and L. johnsonii supplementation suggests that in our system the microbiome is upstream of GI function. We identified a Flexispira (OTU 1141335) that was significantly enriched in the GI tract of Dvl1 -/mice ( Figure 6E) and was significantly depleted following L. johnsonii supplementation of Dvl1 -/mice, suggesting that this Helicobacteraceae plays a central role in the regulation of GI motility. Indeed, oral supplementation of H. mastomyrinus to WT mice acutely induced GI dysfunction akin to that observed in Dvl1 -/mice ( Figure 7E) . The mechanism by which this microbe exerts its effect on GI motility is still unclear, and future studies will be needed to address the mechanisms and pattern of interactions with the enteric nervous system that induce the abnormal GI motility.
Methods
Mice. WT and Dvl1 -/mice were generated on the 129S6/SvEvTaconic background. Genotyping for the Dvl1 allele was previously described (30) . Rag2 -/mice were backcrossed with Dvl1 -/mice and double heterozygotes (Dvl1 +/-Rag2 +/-) were mated to generate WT, Rag2 -/-, Dvl1 -/-, Dvl1 -/-Rag2 +/-, and Dvl1 -/-Rag2 -/littermates. The histological experimental data from each genotype were generated from at least 3 litters. Each biochemical/flow experiment was performed on 2 or 3 cohorts of mice. The behavioral experiments were performed on 5 cohorts of mice and 4 times throughout the study. Mice were housed in standard cages and maintained on a 12:12-hour light/dark cycle at 22°C. All testing occurred during the light portion of the cycle.
Metabolic cages. Twelve-week-old mice were singly housed and measurements were taken every 12 minutes for 4 days, including oxygen consumption, carbon dioxide output, food consumption, water consumption, and 3 unique measures of movement. The respiratory exchange ratio (RER) and heat were calculated as VCO 2 / VO 2 and VO 2 (3.815 + 1.232 × RER), respectively. Heat, VO 2 , and VCO 2 were all normalized to effective body mass Vxx = Vxx/[weight (g)/mass unit] 0.75 , per the manufacturer's recommendations. Stool produced was collected every day at the same time of day (12-1 PM) and weighed. Stool was then desiccated at 75°C overnight to determine dry weight. Stool water was calculated as the difference between these two measurements.
Stool weight. Total stool weight was measured by placing the mice in a novel environment and collecting all stool produced over a 1-hour time period at the same time of day (10-11 AM). Stool was then desiccated at 75°C overnight to determine dry weight. Stool water is the difference between these two measurements.
Colonic motility. Colonic motility was measured by the bead expulsion test as previously described (63) . Briefly, a glass bead (diameter, 3 mm) was inserted through the anus and pushed, with a polished glass rod, into the colon for a distance of 2 cm. The time required for expulsion of the glass bead was recorded.
Whole gut transit time. WGTT was measured by oral gavage of 0.3 ml of 6% (w/v) carmine dye in 0.5% methylcellulose (Sigma-Aldrich) to each mouse as previously described (64) . The time taken from administration of carmine until the first appearance of one red pellet was recorded.
Metabolic testing. Whole-animal metabolic analysis was performed by the UCSF Mouse Metabolism Core using CLAMS (Comprehensive Laboratory Animals Monitoring System) as per the manufacturer's instructions (Columbus Instruments) cages.
Flow cytometry. For isolation of intestinal lamina propria for flow cytometry, the large intestine and small intestine were dissected. The mesenteric fat and Peyer's patches were removed. The proximal 1/2 of large intestine and distal 1/3 of small intestine were used for cell isolation. Intestinal pieces were inverted and shaken in three changes of 20 ml cold PBS. Tissues were washed for 20 minutes at 37°C in two changes of 20 ml Ca 2+ /Mg 2+ -free HBSS containing 5 mM DTT, 5 mM EDTA, 10 mM HEPES, and 2% FCS, followed by 20 ml of Ca 2+ /Mg 2+ -replete HBSS containing 10 mM HEPES with 2% FCS. Tissues were digested for 30 minutes at 37°C in 5 ml Ca 2+ /Mg 2+ -replete HBSS containing 10 mM HEPES, 2% FCS, 30 μg/ml DNase, 0.1 Wünsch/ml LibTM (Roche), and homogenized in C tubes using a gentleMACS tissue dissociator (Miltenyi). Homogenate was passed through a 100-μm filter, separated in a 40%/90% Percoll gradient, and enumerated for staining equivalent numbers for flow cytometry. The following antibodies (from Bio-Legend, eBioscience, and BectonDickinson) were used for staining: CD4 (RM4-5), CD8a (53-6.7), CD8b (YTS156.7.7), CD11b (M1/70), CD11c (N418), CD45 (30-F11), CD69 (H1.2F3), CD90.2 (53-2.1), CD107a (eBio1D4B), CD127 (A7R34), F4/80 (BM8), Foxp3 (FJK-16s), gdTCR (GL3), IgA (C10-3), KLRG1 (2F1/ KLRG1), Ly6C (HK1.4), Ly6G (1A8), MHCII (M5/114.15.2), SigF (E50-2440), TCRb (H57). For intracellular staining, cells were first labeled with LIVE/DEAD fixable dye (Invitrogen) and then, following staining for extracellular antigens, cells were fixed and permeabilized with the Foxp3 Staining Buffer Set tions were combined, purified using the SequalPrep Normalization Plate Kit (Invitrogen), and pooled in approximately equimolar concentrations. Pooled libraries were sequenced in a 251 × 151 bp sequencing run on the MiSeq Desktop Sequencer (Illumina). Downstream processing of sequencing reads was performed as follows: paired sequencing reads were assembled using FLASh (67) followed by quality filtering and demultiplexing using QIIME (68) . Open reference OTU picking was used to cluster demultiplexed sequencing reads at 97%, chimeras were identified using ChimeraSlayer (69) and removed, and taxonomy was assigned based on the Greengenes database (70) . The NCBI Sequence Read Archive (SRA) accession number for our study is SRP076689.
Very low abundance OTUs having less than 1/1000th of a percent of the total read count were removed and the resulting OTU table was rarefied to a depth of 76,079 reads per sample and further filtered based on the samples being compared.
Diversity calculations. Richness (observed taxa) and evenness were calculated using the vegan (71) package in R (http://www.R-project.org/) and alpha diversity was calculated using the Faith's phylogenetic diversity metric (72). Beta diversity was measured using the weighted and unweighted UniFrac metrics (73) and PERMANOVA P values (adonis) were assigned using the QIIME compare_categories.py script. Principal coordinates analysis (PCoA) plots were generated in R using the ggplot2 package (74) .
Identification of significantly enriched taxa. Significantly enriched taxa were identified using a multi-model approach based on earlier research (75) . Specifically, Poisson, negative binomial, and zero-inflated negative binomial regression approaches were used to model the count of each OTU and the best model amongst the three approaches was selected using the Bayesian information criterion (BIC). Only OTUs having a false discovery correct P value of less than 0.05 were retained and declared as significantly enriched taxa.
Isolation and identification of supplemented taxa. Lactobacillus spp. were isolated by plating serial dilutions of stool on selective MRS agar and incubating at 37°C for 48 hours under anaerobic conditions. The 16S rRNA gene from 10 randomly chosen isolates was PCR amplified using the 27F and 1492R primer set (76) , and sequenced using the Sanger method. For taxon identification, BLAST analysis was performed. The dominant L. johnsonii isolate was stored in sterile 20% glycerol at -80°C until use. L. johnsonii was routinely cultured in MRS broth at 37°C for 24 hours, and cells were pelleted and washed in sterile PBS prior to oral gavage.
H. mastomyrinus BAA-1046 was purchased from the American Type Culture Collection and was grown on tryptic soy agar slants with 5% defibrinated sheep blood under microaerophilic conditions for 3 days. Cells were pelleted and resuspended in sterile PBS prior to oral gavage.
Statistics. All statistical analyses were performed using SPSS version 12. The 4 groups (WT and Dvl1 -/-) were compared by 1-way ANOVA or 2-way ANOVA for the bone marrow chimera, cohousing, and Lactobacillus feeding experiments. Where appropriate, 2-tailed Student's t test post-hoc analysis was performed with Bonferroni correction for multiple comparisons and the P values (<0.05) presented are those of the corrected values. Data are presented either as mean ± SEM or as box plot.
Study approval. All animal care and experiments were performed under protocols approved by the University of California, San Francisco Institutional Animal Care and Use Committee.
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